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ABSTRACT 
The paper at hand focuses on an advanced surrogate 
predictive model, conceived to estimate the impact on blade 
twist law of a Shape Memory Alloy actuation system. 
The basic idea is to integrate the pre-existing blade 
structure with a pre-twisted SMA tube. Due to the specific 
property of recovering deformation during phase transition, the 
SMA element can transmit angular deformations and alter the 
original twist to improve performance when required. 
The model at hand includes two main modules. The first 
one targets the SMA actuator and simulates the transmission of 
twist against some critical parameters (tube extension and 
location along the blade span and level of activation). The 
second module receives as input the modified twist law and the 
updated mechanical features due to the SMA and gives in 
output an estimate of the performance produced by the system. 
After an overview on input and output parameters and 
their cross link, a description of the SMA predicting core is 
provided. A parameterization is then organized to illustrate the 
impact of the morphing system onto the blade and on the twist 
law. On this basis, an additional parameterization is 
implemented, now focusing on the effects on performance of the 
proposed system. 
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NOMENCLATURE 
Af austenite finish temperature 
As austenite start temperature 
ef offset of the tension axis to the elastic axis 
 
EI1 bending stiffness in flapping direction 
EI2 bending stiffness in lagging direction  
FE Finite Element 
GJ torque rigidity 
i-eta flapping polar radius of gyration of the cross-
section mass distribution 
if polar radius of gyration of the cross-section 
area with respect to the elastic axis 
i-zeta lagging polar radius of gyration of the cross-
section mass distribution 
m’ blade mas per unit length 
Mf martensite finish temperature 
Ms martensite start temperature 
Pa current power 
Pn nominal power 
R blade radius 
SMA  Shape Memory Alloy 
V  rotorcraft forward speed 
 
 
 
1. INTRODUCTION 
The work at hand deals with a so called “surrogate model”, 
aimed at predicting the impact on the rotorcraft, of an 
innovative blade morphing system, based on Shape Memory 
Alloy technology. 
More and more stringent requirements due to the current 
environmental regulations[1], jointly to the growing 
competitiveness of the aerospace market[2], are paving the way 
to innovative technologies and design approaches aimed at 
mitigating the environmental impact of the rotorcraft[3][4]. 
Among the others, morphing, namely the possibility of 
dramatically modifying the geometry and the mechanical 
features of some strategic component of the rotorcraft, plays a 
fundamental role, being in principle possible to achieve optimal 
performance within the entire flight envelope. The innovative 
content of the morphing approach and the involvement of new 
technologies and materials, however, require dedicated tools, 
aimed at quantifying the potential impact onto the helicopter 
performance. 
From this perspective, conventional performance 
estimator-tools must be complemented by dedicated models, 
describing the added-on morphing system specific nature, 
without excessive computational penalizations. In this sense, 
the expertise of the system engineer is supported by the specific 
competence in the added-on technologies, arriving at a final 
predictive tool that shall validly drive the preliminary design. 
The Project “Shape Adaptive Blades for Rotorcraft 
Efficiency” (SABRE) funded within H2020 EU Program has 
been conceived in compliance to the approach mentioned 
above, with the dual objective of maturing innovative morphing 
strategies for the main rotor, and consolidating numerical 
predictive tools, able to quantify the impact of these new 
technologies [5]. 
With specific reference to one of the technologies matured 
in SABRE, the SMA based blade twist, CIRA defined and 
implemented a dedicated design scheme, moving from initial 
theoretical models on the interaction between the SMA actuator 
and the blade structure, towards a more accurate structural 
simulation, able to capture not only the twist transmission, but 
also the initial pre-twist and integration process. This approach 
has been then used to generate a case study, constituted by 
blade spanwise twist distributions, mass and inertia features, 
generated by a SMA torque system, centered at different span 
stations and with different extensions and levels of activation 
[6][7]. 
The twist laws, accompanied by all necessary information 
in terms of mass and inertia distribution, position of the elastic 
axis, flap and lag bending stiffness and torque rigidity, have 
been then elaborated by DLR in two steps. The adopted model 
represents the blade as a beam structure with lumped mass and 
elastic properties. In the first iteration, just the most significant 
configurations have been explored to evaluate their feasibility, 
before proceeding with the generation of a wider database. 
Rotor-dynamic investigations have revealed some criticality for 
some configurations, in terms of resonance caused by the first 
torsional mode and a general reduction of the first and second 
torsional frequencies. For this reason, modifications have been 
made, with the aim of stiffening the blade configurations. In the 
second iteration step, a wider case study has been elaborated. 
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The scope has been essentially to build a two way link between 
the above mentioned twist, inertia and stiffness distributions to 
the evolution with forward velocity (and, thus, within the entire 
flight envelope) of parameters relevant to the rotorcraft 
performance and trim conditions, such as the target thrust and 
the required power and the shaft tilt, collective, longitudinal 
and lateral cyclic angles. 
The study of the assessed database has pointed out some 
specific twist configurations particularly successful in reducing 
the required power at several flight regimes. Those 
configurations will be further investigated and taken as 
reference for the next part of the research, focusing on the 
experimental demonstration of the SMA twist system in 
representative environment (laboratory and wind tunnel). 
2. MATERIALS AND METHODS 
The basic concept of the SMA twist architecture is shown 
in FIGURE 1. In practice, a part of the inner foam of the blade 
segment is removed to install the SMA tube, whose edges are 
connected to the primary structure a “C” shaped bar, through 
transmission flanges.  
Three different families of criteria drove the choice of the 
SMA material features [8]: the specific geometry of the blade, 
its internal structure and the room available; the bending and 
twist rigidity of the blade; the operational scenario. All these 
points impact the size of the tube, its authority with respect to 
the blade pre-existing structure and the power and time of 
activation. The selected features of the tube are summarized in 
TABLE 1. 
 
 
FIGURE 1: SMA TWIST ARCHITECTURE CONCEPTUAL 
SCHEME: CROSS SECTION (TOP), EXPLODED VIEW 
(BOTTOM) 
 
 
Outer diameter (mm) 20 
Thickness (mm) 3.5 
Length (%R) 22 - 90 
As, Af,  
Ms, Mf (°C) 
-14.8; 15.1; 
-14.8; -54.8 
Young mod, austenite, martensite (GPa) 48.5;  38.2 
Max recoverable strain (%) 4.7 
Temperature-stress slope (°C/MPa) 6 
TABLE 1: MAIN FEATURES OF THE SMA TUBE 
 
 
2.1 SMA modeling approach 
Differently from the preliminary surrogate model (based 
on a theoretical scheme balancing the SMA authority with 
respect to the blade[7]), for the advanced model, a non linear 
FE simulation approach was adopted. Despite of the 
computational effort, this new approach catches two crucial 
aspects: the coupling between the normal, bending and shear 
stresses within the tube and the history of load of the tube, that 
is to say, the simulation of the pre-twist phase, the integration 
within the blade segment and the final activation. The 
MSC/Nastran code was used to this scope, implementing the 
non linear SOL 400 solution, supporting the MATSMA card, 
dedicated to the SMA materials [8]. FIGURE 3 illustrates the 
simulation phases addressed within the surrogate model. 
 
 
FIGURE 2: SMA MODELING FLOW CHART  
 
The first phase implies the setting of the temperature of the 
SMA tube, at which the integration is performed. The tube and 
the blade are connected only at one flange. In the second phase, 
the unlinked edge of the tube is twisted of 30 deg and aligned to 
the pins of the segment. In the third phase, the tube and the 
blade are connected also on the second edge and the elastic 
accommodation is allowed. Finally, the temperature of the tube 
is increased to enforce activation and the recovery of angular 
deformation (forth step). 
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According to this scheme, a FE model of a 0.25 m spanned 
blade segment was realized, with equivalent mechanical 
properties of the original blade (see FIGURE 3). This segment 
was also integrated by the SMA tube. 
 
 
 
FIGURE 3: FE MODEL OF THE UNIFORM BLADE 
INTEGRATED WITH THE SMA DEVICE 
 
A typical effect of the tube action onto the blade is shown 
in FIGURE 4. Typically, an additional twist of almost 4 deg per 
unit span length is transmitted in pitch ward direction. 
A summary of the FE model features is given in TABLE 2 
Parameter Value 
Blade span (mm) 200 
Airfoil chord (mm) 270 
Blade material (Young 
modulus equivalent to the 
blade torsional stiffness, GPa) 
35 
Tube outer diameter (mm) 20 
Tube thickness (mm) 3.5 
SMA austenite, martensite 
Young moduli (GPa) 
15,  25 
Transformations stress (MPa) 
180, 550 (AM) 
280, 49   (MA) 
Stress-transformation 
temperature slope (MPa/°C) 
6.8    7.6 
Element number and type 484540 Tetrahedron 
Number of nodes 100138 
TABLE 2: MAIN FEATURES OF THE BLADE 
INTEGRATED MODEL 
 
 
 
 
FIGURE 4: TWIST TRANSMITTED BY THE TUBE TO 
THE BLADE 
 
 
Performance estimate tool (DLR) 
The performance analyses of the twisted blade 
configurations were done using the DLR comprehensive 
analysis tool for isolated rotors, S4. S4 is a high resolution code 
modeling elastic blade structural model along with nonlinear, 
unsteady aerodynamics. Since S4 uses a modal approach for 
solving the rotor aeroelastic problem, first modal analysis is 
performed with a sister tool called FEM which uses the finite 
element method to solve the structural dynamic equations of the 
Houbolt-Brooks based beam model [9]. The dynamic response 
problem of the rotor equations in modal domain which are in 
the form of ordinary differential equations (ODEs) is solved 
using the Runge-Kutta fourth order time-integration method 
until convergence in the rotor response and loads are achieved. 
An outer loop implements a trim algorithm which adjusts the 
pilot control inputs, namely, the collective pitch and cyclic 
pitch controls and also, the rotor shaft angle (in case of forward 
flight) until a trim goal is met. Both hover and forward flight 
trimmed flight conditions can be simulated using S4. 
The aerodynamic model consists of two parts – the inflow 
model and the loads model. While S4 includes high fidelity 
inflow models like free wake, for the purpose of this work, a 
global inflow model based on Mangler and Square formulation 
was chosen. Tip loss factor and fuselage-rotor inflow 
interference model have been included for their effects on the 
sectional inflow. The loads model is a nonlinear, unsteady 
analytical model including dynamic stall and is based on the 
Leiss formulation. The Leiss formulation works with airfoil 
coefficients defined normal and tangential to the chord line. 
These coefficients are based on the Mach components in this 
coordinate system rather than on the angle of attack and Mach 
number which is the classical way of defining aerodynamic 
coefficients. The airfoil coefficients analytical model is 
synthesized from CFD data obtained over a range of angles of 
attack for various Mach numbers including reverse flow. 
Considering reverse flow is important because the helicopter 
rotor disk experiences flow from the trailing edge towards the 
leading edge in a region near the root during forward flight. 
FIGURE 5 shows comparison of the synthesized analytical 
model for airfoil coefficient with CFD data. The results show 
good correlation between the two. The scatter in the CFD data 
beyond stall angle is nonphysical and in these regions, the mean 
value is taken to be the actual airfoil coefficient. Dynamic stall 
hysteresis phenomenon, observed in the CFD data, has not been 
included in the analytical model. 
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FIGURE 5: AIRFOIL COEFFICIENTS FOR MACH 
NUMBER M=0.2: NORMAL FORCE (TOP), MOMENT (MIDDLE) 
AND CHORD FORCE (BOTTOM) COEFFICIENT 
 
 
2.3 Input and output of the advanced surrogate model 
The surrogate model links some functional parameters of 
the SMA system to the blade mechanical features (altered by 
the presence of the tube) and to the performance (power 
consumption) and the trim parameters. 
All the above parameters refer to the Bo105 rotorcraft and 
can be organized within three tables, one devoted to the input 
and the other two to the output in terms of blade new features 
and rotorcraft performance (see FIGURE 6). 
 
 
 
FIGURE 6: SURROGATE MODEL INPUT VS OUTPUT 
 
 
 
3. RESULTS AND DISCUSSION 
Two iteration steps were necessary to harmonize the SMA 
twist predictive code and the main rotor performance estimator, 
described in the previous sections 
 
 
3.1 1
st
 Iteration step: rotor-dynamic investigations 
The first iteration was necessary to get general information 
on the impact of the SMA architecture onto the pre-existing 
blade, with specific reference to the rotor-dynamic response. 
The three configurations illustrated in FIGURE 7 were 
considered, being representative of the most significant span 
distributions of the SMA architecture. 
 
 
 
FIGURE 7: SMA BLADE TWIST ARCHITECTURES 
CONSIDERED AT HE 1ST ITERATION STEP 
The corresponding twist and torque stiffness distributions 
are compared to the base line in FIGURE 8. 
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FIGURE 8: SPANWISE TWIST (TOP) AND TORQUE 
STIFFNESS (BOTTOM) OF THE PROPOSED CONFIGURATIONS 
VS BASE LINE 
 
The just mentioned configurations were examined building 
the corresponding fan diagrams. The bending modes (flap, lag) 
were less affected by the SMA system; on the contrary, more 
significant variations were found out in terms of torsional 
modes, that led to just one vulnerable situation, for the 3rd 
configuration, represented by a resonance of the 1st torsion 
mode at 3/rev rotor operating frequency. In FIGURE 9, this 
critical situation (right, red circle) is compared with the base 
line (left). 
 
  
FIGURE 9: FAN DIAGRAMS: BASE LINE (LEFT) AND 
CRITICAL CONFIGURATION, CASE 3 (RIGHT) 
To fix this criticality, an additional stiffening was applied 
onto the axis of the blade; the same stiffening was applied to all 
the configurations investigated in the next iteration step. 
 
3.1 2
nd
 Iteration step: performance estimate 
The scope of the second iteration step was to estimate the 
SMA twist laws and their impact onto the rotorcraft 
performance. The following scheme illustrates the input 
parameters considered and their value. 
 
 
FIGURE 10: INPUT PARAMETERS AND VALUES 
CONSIDERED FOR THE 2ND ITERATION STEP 
 
In practice, 5 values were considered for the span-wise 
location of the SMA integrated segment and for its extension. 
Also 5 values were considered for level of activation of the 
device. The twist laws were computed considering a corrective 
collective angle to assure a 0 twist value at 0.7R. Some 
significant twist laws are illustrated in the following figures. 
 
FIGURE 11: SMA TWIST IMPLEMENTED AT BLADE ROOT 
 
FIGURE 12: SMA TWIST EXTENDED UP TO THE 40% OF THE 
SPAN 
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FIGURE 13: SMA TWIST EXTENDED UP TO THE 60% OF 
THE SPAN 
 
FIGURE 14: SMA TWIST ACTING CLOSE TO THE TIP 
 
All the configurations were elaborated through the above 
mentioned predictive code S4. Particular attention was paid on 
the power abatement in hover condition and on the extension of 
the benefit within the operational speed range. 
FIGURE 15 compares the needed reference power with the 
one obtained through the SMA system, in case of maximum 
abatement in hover. Here a net saving of 42 kW was observed, 
corresponding to an abatement of the 11.5 %. This result was 
obtained through a fully activated SMA system placed at mid 
span and covering the 75% of the entire radius. 
 
FIGURE 15: MAX ABATEMENT OF POWER IN HOVER 
CONDITION 
 
A net saving was also observed for the forward flight, up to 
35 m/s. To have an idea of the impact of this second benefit the 
following formula was implemented along this speed interval 
 
( 1 ) 
to weight the extension and the magnitude of the actual power 
Pa, with respect to the nominal one, Pn, within the favorable 
zone. A value of 0.081 was estimated. 
A sensitivity analysis was then performed to highlight the 
impact of parameters as the extension of the SMA and its 
location of the power saving. In FIGURE 16, the power saving 
in hover condition is compared for two locations along the 
blade, 0.39 and 0.56R, with extension of 0.5 and 0.75R. 
A pretty linear trend was observed for the configurations at 
0.39R, while a saturation effect (slope decrease) was evident 
when the system was centered at 0.56R. Here, endpoint effects 
becomes relevant and are further emphasized at the highest 
level of actuation.  
 
 
FIGURE 16: MAX ABATEMENT OF POWER IN HOVER 
CONDITION 
 
 
4. CONCLUSION 
The just presented work focused on an advanced surrogate 
model aimed at predicting the impact of a SMA based 
morphing strategy onto the rotorcraft performance. The 
assessment of the tool presented specific challenges strictly 
related to the strongly non linear, stress and temperature 
dependent SMA material and to the complex nature of the 
blade. The final target of the activity was to provide a wide 
database the designers may rely upon when dealing with the 
challenging problem of integrating a pre-existing blade with a 
morphing technology, dramatically affecting the main rotor 
performance. 
After illustrating the specific working principle of the 
system and highlighting the criteria adopted to identify the 
main design aspects, the modeling tool and the flow chart at the 
basis were shown. Two modules constitute the predictive tool: 
the former to estimate the twist changes due to the SMA and 
the latter to predict the impact of the geometric variation on 
power saving within the flight envelope. 
∫𝑃𝑛𝑑𝑉 − ∫𝑃𝑎𝑑𝑉
∫𝑃𝑛𝑑 𝑉
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A parametric study was addressed to point out the effect of 
some critical parameters as the extension and the location of the 
morphing system along the blade and its level of activation. 
The benefits were quantified in terms of power saving both in 
hover condition within the entire operational speed range. 
A foreseeable progress of the study could be the 
integration of this tool with the other ones, also developed in 
SABRE, dealing with other types of morphing (chord camber 
and extension, inertial twist). This would pave the way to new 
configurations, characterized by the synergic cooperation of 
different breakthrough technologies. 
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